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1
METHOD AND APPARATUS FOR
SUPERVISION OF OPTICAL MATERIAL
PRODUCTION

TECHNICAL FIELD

The present disclosure relates generally to the field of
control systems for multi-layer optical material structures and
in particular to a method and apparatus for providing super-
vision of thickness and refractive index for optical materials
deposited in a multiple layer structure during its fabrication.

BACKGROUND ART

The production of multiple layer optical material structures
has become very advanced over the years, and requires care-
ful control during the processing stage to ensure that the
layers being deposited, or grown, are of the desired thickness.
Additionally, supervision of the actual refractive index, or a
function thereof, for each layer, would be a useful metric of
the appropriate composition of the layer. As layers are added,
one on top of the other, care must be taken to ensure that a
clean boundary between layers is defined, and that the bound-
ary does not suffer from diffusion as additional layers are
added.

The prior art teaches cleaving a section of the structure, and
then analyzing the cleaved section in a scanning electron
microscope. Unfortunately this testing suffers from 2 draw-
backs, namely it is destructive and slow. To overcome some of
these difficulties, Fourier Transform Infrared Spectroscopy
was developed, wherein a sample is irradiated with infrared
light having a relatively wide wave number range, followed
by Fourier transformation of the resultant interference spec-
trum to produce a space interference waveform. Unfortu-
nately, a direct result of the desired properties and metrics
indicated above are not available from the space interference
waveform according to the prior art, and instead a numeri-
cally intensive method of utilizing an optical characteristic
matrix is described, such as in U.S. Pat. No. 5,587,792 issued
Dec. 24, 1996 to Nishizawa et al., the entire contents of which
is incorporated herein by reference. Such a numerically inten-
sive method causes in-situ evaluation to be cumbersome and
relatively slow, in particular as interpretation of the results for
a non-trivial number of layers is not direct, but is instead
based on curve fitting against theoretical models.

A bilinear transformation of reflectance has been proposed
for analysis of the optical thickness. Specifically, a bilinear
transformation of reflectance data is followed by a Fourier
transform and hence transformed to the optical thickness
domain, and the optical thickness peaks thus provide an
analysis of the optical thickness of the actual structure. Unfor-
tunately, such a method yields direct results only for small
refractive index steps, i.e. wherein the structure to be ana-
lyzed does not exhibit refractive index steps greater than
about 20%. In the event of large refractive index steps, such a
transformation yields numerous peaks in the optical thickness
domain, the number of peaks exceeding the number of inter-
faces. Thus, this method has been deemed unsuitable for
analysis of multiple layer optical material structures with
large refractive index steps.

SUMMARY OF INVENTION

In view of the discussion provided above and other consid-
erations, the present disclosure provides methods and appa-
ratus to overcome some or all of the disadvantages of prior
and present methods of providing analysis of multi-layer
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optical material structures. Other new and useful advantages
of the present methods and apparatus will also be described
herein and can be appreciated by those skilled in the art.

In certain embodiments an apparatus arranged to analyze a
multi-layer optical material structure is provided, the appara-
tus comprising: a control unit, a light source arranged to
irradiate a target structure; and a light receiver in communi-
cation with the control unit and arranged to receive the irra-
diated light from the light source after interaction with the
target structure, the control unit arranged to: detect the ampli-
tude of the received light as a function of wavelength; perform
a transform of a function of the detected amplitudes to the
optical thickness domain; determine, responsive to a planned
composition of the target semiconductor, optical thickness
and amplitude of expected peaks of the performed transform
to the optical thickness domain which correspond with inter-
faces between layers; identity, responsive to the expected
peaks, actual peaks of the performed transform to the optical
thickness domain which correspond with interfaces between
layers; and determine at least one physical characteristic of
the target structure responsive to the determined actual peaks.

Additional features and advantages of the invention will
become apparent from the following drawings and descrip-
tion.

BRIEF DESCRIPTION OF DRAWINGS

For a better understanding of the invention and to show
how the same may be carried into effect, reference will now
be made, purely by way of example, to the accompanying
drawings in which like numerals designate corresponding
elements or sections throughout.

With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by way of example and
for purposes of illustrative discussion of the preferred
embodiments of the present invention only, and are presented
in the cause of providing what is believed to be the most
useful and readily understood description of the principles
and conceptual aspects of the invention. In this regard, no
attempt is made to show structural details of the invention in
more detail than is necessary for a fundamental understand-
ing of the invention, the description taken with the drawings
making apparent to those skilled in the art how the several
forms of the invention may be embodied in practice. In the
accompanying drawings:

FIG. 1A illustrates a first embodiment of an apparatus
arranged to determine at least one physical characteristic of a
multi-layer optical material structure responsive to reflected
light;

FIG. 1B illustrates a second embodiment of an apparatus
arranged to determine at least one physical characteristic of a
multi-layer optical material structure responsive to transmit-
ted light;

FIG. 2 illustrates a high level functional block diagram of
an exemplary embodiment of a control unit of either FIG. 1A
or FIG. 1B;

FIG. 3A illustrates a plot of reflectance data vs. wave
number of a 3 layer sample with large refractive index steps
between the layers;

FIG. 3B illustrates a plot of the reflectance data of FIG. 3A
after performing a bilinear transform and a Fourier transform
to the optical thickness domain;

FIG. 4A-4C illustrate steps in the formation of a multi-
layer optical material structure;

FIG. 5 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness or refractive index of a layer;
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FIG. 6 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness or refractive index of layers in a process, and to
further determine process errors;

FIGS. 7A-7D illustrate a plot of the power spectrum after
performing a bilinear transform and a Fourier transform of the
reflectance data to the optical thickness domain for a sample
structure of four layers, particularly illustrating the relation
between the various relevant peaks;

FIG. 8 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness of layers in a multi-layer structure;

FIG. 9 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness of layers and/or refractive index in a multi-layer
structure responsive to target parameters; and

FIG. 10 illustrates a plot of the power spectrum after per-
forming a bilinear transform and a Fourier transform of the
reflectance data to the optical thickness domain for a sample
structure of four layers exhibiting a peak overlap.

DESCRIPTION OF EMBODIMENTS

Before explaining at least one embodiment in detail, it is to
be understood that the invention is not limited in its applica-
tion to the details of construction and the arrangement of the
components set forth in the following description or illus-
trated in the drawings. The invention is applicable to other
embodiments or of being practiced or carried out in various
ways. Also, it is to be understood that the phraseology and
terminology employed herein is for the purpose of descrip-
tion and should not be regarded as limiting. In particular, the
term connected as used herein is not meant to be limited to a
direct connection, and allows for intermediary devices or
components without limitation.

FIG. 1A illustrates a first embodiment of an apparatus 10
arranged to determine at least one physical characteristic of a
multi-layer optical material structure 50 responsive to
reflected light, wherein apparatus 10 comprises a control unit
20, a light source 30, alight receiver 40 and a support member
60. Each of light source 30 and light receiver 40 may be in
communication with controlunit 20. In one embodiment light
source 30 outputs a broad band light, and in another embodi-
ment light source 30 is a controllable light source responsive
to control unit 20, particularly the wavelength of the light
output by light source 30 is in such an embodiment responsive
to an output of control unit 20. Control unit 20 may be imple-
mented in dedicated circuitry, or by a general purpose com-
puting platform arranged to perform computer readable
instructions read from a non-transitory storage device. Multi-
layer optical material structure 50 is disposed on support
member 60 which is arranged to support multi-layer optical
material structure 50 at a fixed location and angle relative to
the output of light source 30. In an exemplary embodiment
light exiting light source 30 impacts multi-layer optical mate-
rial structure 50 at a near normal incidence, i.e. at about
90°+/-5% from a plane defined by the face of multi-layer
optical material structure 50 opposing support member 60.
Light receiver 40 is secured so as to receive light sourced by
light source 30 reflected from multi-layer optical material
structure 50 at a near normal incidence. In a non-limiting
example light source 30 and light receiver 40 are provided as
a single controllable optical block. In one non-limiting
embodiment light receiver 40 comprises a lens. Control unit
20 comprises a processor 22 and a memory 25 in communi-
cation with each other. In one optional embodiment (not
shown), light source 30 and light receiver 40 are placed within
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control unit 20 and are in optical communication with multi-
layer optical material structure 50 via fiber optics. Control
unit 20 may be distributed, for example, certain functions, as
described below, may performed by dedicated circuitry con-
nected to light receiver 40, without exceeding the scope. As
indicated above, control unit 20 may be a computer in com-
munications with light source 30 and/or light receiver 40. In
one embodiment (not shown) support member 60 comprises
a translating mechanism. In one non-limiting embodiment,
light source 30 is constituted of a tunable laser light, for
example tunable over the range of 800-850 nanometers. In
another embodiment, light source 30 is constituted of a broad
range light source, such as a white light or a halogen lamp.

FIG. 1B illustrates a second embodiment of an apparatus
80 arranged to determine at least one physical characteristic
of a multi-layer optical material structure 50 responsive to
transmitted light, wherein apparatus 80 comprises a control
unit 20, a light source 30, a light receiver 40 and a support
member 60. Each of light source 30 and light receiver 40 are
preferably in communication with control unit 20, and the
wavelength of the light output of light source 30 is in one
embodiment responsive to an output of control unit 20. Multi-
layer optical material structure 50 is disposed on support
member 60 which is arranged to support multi-layer optical
material structure 50 at a fixed location and angle relative to
the output of light source 30. In an exemplary embodiment
light exiting light source 30 impacts multi-layer optical mate-
rial structure 50 at a near normal incidence, i.e. at 90°+/-5%
from a plane defined by the face of multi-layer optical mate-
rial structure 50 opposing support member 60. Light receiver
40 is secured so as to receive light sourced by light source 30
transmitted through multi-layer optical material structure 50
at a near normal incidence, preferably defined as 90°+/-5%
from a plane defined by the face of multi-layer optical mate-
rial structure 50 opposing support member 60. In one non-
limiting embodiment light receiver 40 comprises a lens. Con-
trol unit 20 comprises a processor 22 and a memory 25 in
communication with each other. In one optional embodiment
(not shown), light source 30 and light receiver 40 are placed
within control unit 20 and are in optical communication with
multi-layer optical material structure 50 via fiber optics. Con-
trol unit 20 may be distributed, and certain functions, as
described below, may performed by dedicated circuitry con-
nected to light receiver 40, without exceeding the scope. As
indicated above, control unit 20 may be a computer, or other
computing platform, in communications with light source 30
and/or light receiver 40. In one embodiment (not shown)
support member 60 comprises a translating mechanism. In
one non-limiting embodiment, light source 30 is constituted
of'a tunable laser light, for example tunable over the range of
800-850 nanometers. In another embodiment, light source 30
is constituted of a broad range light source, such as a white
light or a halogen lamp.

In operation, control unit 20 of apparatus 80 is in all
respects similar to control unit 20 whose operation will be
described further hereinto below, with the exception that the
transmitted light is utilized in place of reflected light.

FIG. 2 illustrates a high level functional block diagram of
an exemplary embodiment of control unit 20 of either FIG.
1A or FIG. 1B, comprising an amplitude detection function-
ality 110, an optional normalization functionality 120, a bilin-
ear transform functionality 130, a transform functionality
140, a target peak determination functionality 150, an iden-
tification functionality 160 and a calculation functionality
170. Each of amplitude detection functionality 110, normal-
ization functionality 120, bilinear transform functionality
130, transform functionality 140, target peak determination
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functionality 150, identification functionality 160 and calcu-
lation functionality 170 are preferably implemented as auto-
mated processes within processor 22 of control unit 20,
instructions for the processes being stored on memory 25ina
machine readable format, preferably on a computer readable
medium of fixed form, which may be a local storage drive, or
may be remote storage drive accessed over a network con-
nection. Alternatively, dedicated hardware may be provided
for each, or some, of amplitude detection functionality 110,
normalization functionality 120, bilinear transform function-
ality 130, transform functionality 140, target peak determi-
nation functionality 150, identification functionality 160 and
calculation functionality 170 without exceeding the scope.

For ease of understanding, the operation of apparatus 10 of
FIG. 1A will now be described in cooperation with the
embodiment of control unit 20 of FIG. 2, it being understood
that operation of apparatus 80 of FIG. 1B being in all respects
similar. Light output by light source 30 is reflected from
multi-layer optical material structure 50 and received at light
receiver 40. In one embodiment, control unit 20 steps the
wavelength of light output from light source 30 by discrete
even intervals, and further determines, responsive to ampli-
tude detection functionality 110, the amplitude of the
reflected light. It is to be understood that stepping of the
wavelength in discrete intervals is not meant to be limiting in
any way, and sweeping of the wavelength may be performed,
with samples taken at discrete intervals without exceeding the
scope. In yet another embodiment, light source 30 continu-
ously emits light in all desired spectra simultaneously. Light
receiver 40 may use an internal grating, prism or other tuning
means in order to perform the spectrometric conversion that
will associate an amplitude with each discrete wavelength. In
one embodiment, light receiver 40 is arranged to provide
2048 readings over the desired reflectance spectrum.

Control unit 20, preferably in communication with light
receiver 40, detects the amplitude of light reflected from
multi-layer optical material structure 50 as a function of the
wavelength of the light output by light source 30. Control unit
20, responsive to optional normalization functionality 120, is
further arranged to normalize the detected amplitude and
preferably convert the measurements from wavelength to
wave number for ease of calculation. The term wave number
as utilized herein is defined as reciprocal of the wavelength,
and is commonly used in spectroscopy, however this is not
meant to be limiting in any way, and wavelength or frequency
may be substituted, with the appropriate mathematical com-
pensation, whenever the term wave number is utilized. The
normalization equation is calculated based on the reflectance
results measured for a known material with a known reflec-
tance performance, such as aluminum, which has a reflec-
tance of about 95%. A normalized value of the detected
amplitude is thus calculated.

Control unit 20, responsive to bilinear transform function-
ality 130, is further arranged to perform a bilinear transform
onthe detected amplitudes as a function of wave number, with
the term bilinear transform preferably defined as:

1+ R(w)
1 - R(w)

EQ. 1

B[R(w)] =

where R(w) is defined as the reflectance amplitude as a func-
tion of wave number. Preferably, the amplitudes are deter-
mined as a percentage of light output reflected.

Control unit 20 is further arranged, responsive to transform
functionality 140, to transform the bilinear transformed
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reflectance amplitudes to the optical thickness domain, pref-
erably by performing a Fourier transform, even further pref-
erably by performing a fast Fourier transform. There is no
limitation to the transform, and autocorrelation or covariance
methods may be used to determine optical thickness and
amplitude relationships without limitation. In an exemplary
embodiment a Fourier transform is performed by transform
functionality 140, wherein the data is interpolated at equi-
spaced wave-number points, high-pass filtered, windowed,
zero padded to a specific number of points and a fast Fourier
transform (FFT) algorithm is applied.

The term optical thickness is defined as two times the
refractive index times the thickness, denoted “2nd”, wherein
“n” denotes the refractive index and “d” denotes the thickness
of the layer. Control unit 20, is in one embodiment further
provided with target information regarding multi-layer opti-
cal material structure 50, i.e. the target layer thickness and
refractive index of each layer, and is arranged, responsive to
target determination functionality 150, to determine expected
amplitude and optical thickness of peaks which are represen-
tative of single actual layer interfaces. In particular, and as
will be described further hereinto below, the bilinear trans-
formed reflectance amplitudes transformed to the optical
thickness domain exhibit a plurality of peaks, only some of
which are associated with single actual layer interfaces. Other
peaks are associated with multiple reflectance paths, and thus
are not associated with a single actual layer interface. Control
unit 20 thus determines amplitudes and optical thickness of
the expected peaks associated with single actual layer inter-
faces from target structure data.

In another embodiment, as described further below in rela-
tion to FIG. 6, control unit 20 monitors production in-situ of
multi-layer optical material structure 50, and extracts the
refractive index and layer thickness without requiring target
information.

Control unit 20, in cooperation with identification func-
tionality 160, and responsive to target determination func-
tionality 150, is arranged to identify the actual peaks from the
bilinear transformed reflectance amplitudes transformed to
the optical thickness domain which are associated with single
actual layer interfaces.

Control unit 20 is further arranged, in cooperation with
calculation functionality 170, to calculate at least one physi-
cal characteristic of multi-layer optical material structure 50
responsive to the identified actual peaks. In one embodiment
at least one layer thickness is determined. In another embodi-
ment the refractive index of at least one layer is determined. In
one embodiment the physical characteristic of the top layer is
calculated, and in another embodiment further information is
provided regarding previously developed layers.

In the embodiment where support member 60 is translat-
able, support member 60 is translated in a predetermined
pattern. A “cross section” graph, or a two-dimensional repre-
sentation of at least one physical characteristic of multi-layer
optical material structure 50 is thereby calculated, as
described above.

In further explanation, FIG. 3 A illustrates a plot of reflec-
tance data vs. wave number of a 3 layer sample with large
refractive index steps between the layers, in particular the
steps are greater than 20%, wherein the x-axis reflects wave
number expressed in cm™! and the y-axis represents the per-
centage of total light output by light source 30 received by
light receiver 40. FIG. 3B illustrates a plot of the reflectance
data of FIG. 3 A after performing the bilinear transform of EQ.
1, responsive to bilinear transform functionality 130, and a
Fourier transform to the optical thickness domain, responsive
to transform functionality 140. The x-axis of FIG. 3B reflects
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optical thickness expressed in microns (um) and the y-axis
represents the normalized power spectrum. The plot of FIG.
3B shows 6 different peaks for the 3 layer sample, and thus
identification of the peaks associated with single actual layer
interfaces is required. Responsive to target determination
functionality 150 and identification functionality 160, the
peaks associated with single actual interfaces are determined
and identified as peaks 250, 260 and 270.

In yet further detail, for a multi-layer structure, with the
assumption of near normal incidence, negligible absorption
and dispersion in the utilized wave-number range and small
refractive index steps between layers, defined herein as
refractive index steps of less than or equal to about 20%, an
analytical approximation for the bilinear transformed reflec-
tance, as written in EQ. 1 is:

N

E njr1 =1y
— e
( - ) 05[47r

J=1

EQ. 2

B{R(W)} = Bo + B,
i=1

Zj: n;d;w]

where n, is the refractive index of layer j, and d, is the thick-
ness of layer j. B, and B, are constants, N is the number of
layers, w is the wave-number and n, is the refractive index of
the substrate and is equivalent to n,,;, when j=N. In some
detail, EQ. 2 can be derived by applying flow-graph analysis
for the calculation of reflectivity “r” of the various layers,
with “r” express as a function of the Fresnel coefficients of the
interfaces (r, ,,,) in a manner taught by G. E. Aizenberg, P. L.
Swartand B. M. Lacquet, in Optical Eng. 33 (9), 2886 (1994),
the entire contents of which is incorporated herein by refer-
ence. The reflectance R for each structure is then calculated
by multiplying the reflectivity “r” by its complex conjugate
r*. The bilinear transformation of EQ. 1 is then applied to the
reflectance R, so an expression that is a sum of components is
achieved. The amplitude of each component is affected by
products of Fresnel coefficients r, ,,. By considering that
r, 4+1<1, thebilinear transformed reflectance is approximated
by neglecting second and higher order terms. As will be
described further below in relation to EQ. 6, the Fresnel
coefficients are replaced by their refractive indices expres-
sions. From the results of a succession of layers, i.e. 1 layer,
2 layers, 3 layers and further, the general expression of EQ. 2
in series form is derived.

From EQ. 2 it is evident that the Fourier analysis of B(w)
leads to a spectrum in the optical thickness domain, denoted
variously and interchangeably as 0, or as described above as
“2nd”, i.e. 2 times the refractive index times the layer thick-
ness, with the factor of 2 added to take into account that light
must pass through the layer in both directions for reflectance
data. Hence, we can write the term cos(4mt-n-d-w) appearing in
EQ. 2 as cos(2m-0-w).

It is to be understood that for transmittance measurements,
as described in relation to apparatus 80 of F1G. 1B, the change
in light flow is to be taken into account, and the transform to
be performed is not the bilinear transformation of EQ. 1 but a
2/T transform as will be described further. The position of the
peaks corresponds directly to the interfaces between layers.

In further clarification, cos(27-0-w) is similar in form to the
oscillatory function cos(2m-f't), with “w”, wave number,
replacing “t” and 0 replacing “f”. So for an expression in the
wave number domain, the spectrum will be in the 6 domain,
and the “equivalent frequency” of each “spectral line” will be
2%n*d.
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For large refractive index steps, defined herein as refractive
index steps greater than or equal to 20% between adjacent
layers, an analytical approximation for the bilinear trans-
formed reflectance is:

N N—k+1 EQ. 3

ptk—1
B = Bo[l + B’;cos4n Z nmdmw]

k=1 p=1L m=p

where the k-superscript (at the B coefficients) indicates
groups of “k adjacent layers”. It is to be noted that EQ. 3 may
also be used for refractive index steps of less than 20%
between adjacent layers. EQ. 3 is derived in a manner similar
to the derivation of EQ. 2 described above, noting that since
r, ,+1<1 the bilinear transformed reflectance is approximated
by neglecting only third and higher order terms. Second order
terms are included. A general expression in series form is
derived from the results of 1, 2, 3 and more layers. The
p-subscript indicates the starting layer for each group, i.e. the
layer for which light first interacts with the group, i.e. the last
layer of the group which has been formed. The concept of
groups of layers can be seen by means of the 3 layers example
seen in FIG. 4C. Here “k” can be 1, 2 or 3. We have three
groups of one layer (k=1): layer 1, with physical characteris-
tics d; and n,; layer 2 with physical characteristics d, and n,;
and layer 3 with physical characteristics d; and n;. We have
two groups of two adjacent layers (k=2): the group of layer 1
and layer 2; and the group of layer 2 and layer 3. We have one
group of three adjacent layers (k=3), i.e. the group of layer 1,
layer 2 and layer 3. Thus, for the group of layer 2 and layer 3
we have p=2 because 2 is the starting; for the group of layer 1,
layer 2 and layer 3, p=1 because 1 is the starting layer.
EQ. 3 is composed of certain elements, in particular:

B = Apt,p Fptk—Lp+h EQ. 4
P ok
qup L+r2,)
N+l EQ. 5
- ];I 1 +r§,17q Q
1 —ré,lyq

g=1

Where the (Fresnel) reflectivity coefficient between layers
g-1 and q is given by:

Rg-1 —Rg EQ. 6

Fog-1g =
q-1.9
g1 + g

where n, and n,, , are the refractive indices of air and sub-
strate (n), respectively. Note that EQ. 3-EQ. 5 are also valid
for small refractive index steps. The product B°~Bpk+1 repre-
sents the amplitude of each of the “spectral lines” that we have
in the optical thickness domain. It is inferred from EQ. 3,
responsive to the two outer summations, that the number of
observed spectral peaks “M” is given by:

EQ. 7

N
M:Zj

J=1
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where N peaks that correspond to layers interfaces, should be
identified for measuring the layers thicknesses; the rest (M—-N
peaks) should be ignored or considered spurious. By measur-
ing the amplitude of the peaks and using EQ. 4-EQ. 6 itis also
possible to estimate the refractive indices as will be described
further below.

The interface components, i.e. reflections from a single
interface, from EQ. 3 are described below, where EQ. 8 rep-
resents the spectral component of peak “k” and EQ. 9B rep-
resents the amplitude of the peak:

« EQ. 8
BOB'{ cos47rz AW
m=1
Ao e EQ. %A
L™
Ima +"§71,q)
g=1
It is to be noted that the amplitude of peak “k” is thus:
CF=B°B* EQ.9B

withk=1,2,3...N.

The above analysis has been detailed in regards to appara-
tus 10 of FIG. 1A, however this is not meant to be limiting in
any way. A similar analysis may be performed with apparatus
80 of FIG. 1B utilizing the received transmittance data
wherein transmittance as a function of wavelength is denoted
T(w). The bilinear transform of EQ. 1 is not required, and
instead the function 2/T(w) is substituted for B(w) in each of
EQ. 2 to EQ. 9. In some detail, the transformation for trans-
mittance derives form the fact that with the assumption of no
absorption:

R+7T=1 EQ.9C

Taking into account EQ. 9C, and substituted in EQ. 1 we can
achieve:

e Bl EQ. 9D
B+1
and combining EQ. 9C and EQ. 9D:
EQ. 9E

For spectral analysis the constant of —1 can be neglected.

Description of an Exemplary 3 Layer Growth
Process

Referring now to FIGS. 4A-4C a 3 layer growth process
will be described in relation to apparatus 10 of FIG. 1. Layers
of multi-layer optical material structure 50 are grown on a
substrate, one on top of the other. The layer grown directly on
the substrate is denoted herein layer 3, with layer 2 grown on
top of layer 3, and layer 1 grown on top of layer 2.

In particular, referring to FIG. 4A, layer 3 has been grown
on the substrate. The substrate exhibits a refractive index
denoted n_, layer 3 exhibits a thickness denoted d; and a
refractive index denoted n;. Above layer 3 is air, which exhib-
its a refractive index of 1, denoted n,,. In accordance with EQ.
3-EQ. 6, a bilinear transformation of the reflectance shows
only a single spectral component as:

C,Y*cos 4nw(nsds) EQ. 10
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Where its amplitude is defined by:

clo 4ro3 130 _da -3} — ) EQ 11
SRS dndns
Note that:
C,'=B%! EQ. 11A

Referring to FIG. 4B, a second layer, denoted layer 2, has
now been grown directly on layer 3 of FIG. 4A. The substrate
exhibits a refractive index denoted n_, layer 3 exhibits a thick-
ness denoted d; and a refractive index denoted nj, layer 2
exhibits a thickness denoted d, and a refractive index denoted
n,, and above layer 2 is air, which exhibits a refractive index
of'l, denoted n,. In accordance with EQ. 3 the spectrum ofthe
bilinear transformed Reflectance shows three spectral com-
ponents, given by:

CM*cos dnw(nyds) EQ. 12
5 *cos daw(nyds) EQ. 13
C 2*cos 4nw(nydy+13ds) EQ. 14

where C,* and C,? are amplitudes of interface peaks, in par-
ticular C,* is the last layer grown, C, is the actual interface
between layer 3 and the substrate, while C,' is the amplitude
of'a spurious peak. In particular, interface peaks are those that
are located at positions that are coincident with interfaces
between materials, while other peaks are not of interest as
they do not represent actual interfaces. The amplitude of the
interface peaks can be directly calculated by means of EQ. 5,
6,8 AND 9 as EQ. 15 and EQ. 16, respectively.

oo Arop - ras(l + 1%y _a —nd)s - rd) (3 +nd) EQ. 15
BT A AT 8r3ming

P 4roz 134 _a —m3)(ny + n3) (1} —n3) EQ. 16
i

BTN TEEN TR 16833

In further clarification, EQ. 3 is a general expression provid-
ing the amplitudes of all interface peaks and non-interface, or
spurious, peaks. EQ. 8, in cooperation with EQ. 5, 6 and 9
only provides information regarding the actual interface
peaks.

Referring to FIG. 4C, a third layer, denoted layer 1, has
now been grown directly on layer 2 of FIG. 4A. The substrate
exhibits refractive index n,, layer 3 exhibits thickness d; and
refractive index n,, layer 2 exhibits thickness d, and refractive
index n,, layer 1 exhibits a thickness denoted d, and a refrac-
tive index denoted n,, and above layer 1 is air, which exhibits
a refractive index of 1, denoted n,. In accordance with EQs.

3-6 the spectrum of the bilinear transformed reflectance

shows six spectral components, given by:
C,Y*cos 4nw(n,d,) EQ. 17
Oyl *cos 4nw(nyds) EQ. 18
C3l*cos 4nw(nsds) EQ. 19
C2*cos 4nw(n, d +1ds5) EQ. 20
C52*cos 4nw(ids+nsds) EQ. 21
C>*cos daw(n d +1yds+13ds) EQ. 22
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whereas only the three components of EQ. 17, 20 and 22
represent single interface reflections. In further detail, EQ. 17
represents the interface of the last layer grown, EQ. 20 rep-
resents the position of the interface between layers 2 and 3,
and EQ. 22 represents the position of the interface between
layer 3 and the substrate. The amplitudes calculated from
Equations (5), (6), (8) and (9) are:

ol drog - rip(L+r33)(1 +13) _ EQ 22
YT =00 - - A - )
(1 =)} = R3)n] + R0 + 1)
16nin3nins
2o dro - ra3(l +1r3y) B EQ 23
L =0 == 2 - )
(1 =)y +n2)* (] = (RS + §)
32nin3ning
4roy - Fa4 EQ. 24
A

TR =R -1 -ry

(1 =]y +np) (my + 13)* (1 — n§)

2,22
64ninsning

Refractive Index Calculation

The refractive index of each layer in the growth process can
be measured by knowing the refractive indices of the sub-
strate and all of the previously deposited layers. In particular,
to determine the refractive index of the last layer grown, we
preferably utilize the amplitude of the first interface peak, or
the lowest optical thickness, which is inferred from EQ. 8 and
EQ. 9. In some further detail, EQ. 8 shows only components
reflective of actual interfaces. EQ. 9A multiplied by EQ. 5
enables a calculation of the amplitude of each interface com-
ponent.

In further detail, and with reference to the exemplary 3
layer growth process described above, given an “N” layer

structure, the refractive index of each layer, denoted layer “i”,
can be calculated from:

EQ. 25
e Q
i 2
where f3, is defined as:
Ci i, EQ. 26

Bi= T‘__niﬂ_l

where C, '[] is the amplitude of the first interface peak for the
layer in process “i” and «a, is given by:

1 ) EQ. 27
o =— Fori=N
4dng
. 2 EQ. 28
o= I B B o 1,34 . (V= 1)
2 ”i2+1

In order to calculate the refractive index of each layer, an
exemplary embodiment of a procedure is as follows:
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1. For the first layer in the process, calculate o, and 3, by
means of EQ. 26 and EQ. 27. Use for C,* the amplitude
of the only peak observed at the spectrum, since at the
first layer only a single reflected peak is observed.

2. Calculate n,” according to EQ. 25 and get n,,.

3. For the second layer in process calculate o, and f,_;
responsive to EQ. 26 and EQ. 28. Use for C,* the ampli-
tude of the spectral interface peak in the optical thick-
ness domain exhibiting the smallest optical thickness.

4. Calculate n,,_,* according to EQ. 25 and getn,,_,.

5. For each additional layer repeat steps 3 and 4.

In further clarification of the above process:

“N” is the first deposited layer, i.e. the layer deposited or
grown directly on the substrate. The layer above the first
deposited layer is thus denoted “N-1". The last layer
deposited in the structure is layer 1. Therefore, for i=N
we have that n,, ,=ng¢

Mathematically, the values of C,* can be positive or nega-
tive. For each calculation of a layer refractive index both
positive and negative values are to be considered. If one
of the signs leads to a calculation of an imaginary “n,”,
the opposite sign for C,' is adopted. In the event that
both signs of C,* lead to real values of refractive index,
i.e. non-imaginary values, the appropriate value is to be
selected based on expected refractive index values, input
as part of the process parameters.

Our spectrum figures show the “Normalized Power Spec-
trum”, the amplitude of C,* should preferably thus be
calculated by using the square-root of the power spec-
trum before normalization.

The calculation of refractive index according to EQ. 25-28
is based on the calculation of the refractive index of the
previously generated layer.

Distinguishable Thickness

The minimum layer thickness that can be resolved is given
by the range of the reflectance data and the characteristics of
the material, and is denoted:

21y 1= (Wazax- Waan) EQ. 29

In a non-limiting embodiment in which the wave number
range is from 2000 to 16000 cm™, for n=5 the minimum
thickness will thus be 72 nm. The maximum optical thickness
which can be resolved will depend on the wave-number reso-
Iution of the measurement equipment, denoted Aw, and alias-
ing considerations, and is in accordance with:

EQ. 30

In a non-limiting example in which the average refractive
index of a multi-layer-structure is n=3 and Aw=10 cm™'; we
will be able to measure a maximum optical thickness of 0.5
mm and a depth of ~80 um. The maximum and minimum
wave-numbers can be limited by equipment and by charac-
teristics of the material. For example, at what wave-number
we stop considering negligible absorption and dispersion for
a given material. From EQ. 29 it is clear that the minimum
optical thickness 0,,,, is a function of w,,,,,,. and w,,,;,.; but for
the minimum thickness we have to do 6 _ /(2-n), where “n”
depends on the material.

FIG. 5 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B, and in particular
control unit 20, to determine actual thickness or refractive
index of a layer. In stage 1000, a target structure is irradiated
with light over a range of wavelengths. In stage 1010, the light

min
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of stage 1000 is received after interacting with the target
structure, either by reflectance as described above in relation
to apparatus 10 or by transmittance as described above in
relation to apparatus 80. The amplitude of the detected light as
a function of the wavelength is input to control unit 20,
optionally normalized and further preferably converted to
amplitude, optionally normalized, as a function of wave num-
ber. As indicated above the term wave numbers is used as a
commonly expressed format for frequency or wavelength
without limitation. In stage 1020, a bilinear transform is
optionally performed by control unit 20 of apparatus 10, as
described above in relation to EQ. 1. For control unit 20 of
apparatus 80, a transform is optionally performed by control
unit 20 of apparatus 80, as described above in relation to EQ.
1 with substitution of function 2/T(w) for B(w) as described
in EQ. 9D.

In stage 1030, the amplitudes of stage 1010, optionally
transformed by stage 1020, are further transformed to the
optical thickness domain, and all peaks of the transform are
identified. Preferably, the transform of stage 1030 is a Fourier
transform, further preferably implemented as an FFT.

In stage 1040, responsive to an input planned composition
of the target structure of stage 1000, the expected optical
thickness and amplitude of peaks associated with single inter-
face between layers is determined, responsive to EQ. 3-9,
described above. In stage 1050, responsive to the expected
optical thickness and amplitude peaks of stage 1040, the
actual peaks of stage 1030 associated with single interfaces
between layers, are identified. In one embodiment the ampli-
tudes are used as a leading indicator, and in another embodi-
ment optical thickness is used as a leading indicator. In yet
another embodiment a combination of amplitudes and optical
thickness values are used to determine the actual peaks. In yet
another embodiment, if the total number of actual peaks is
greater than the maximal expected number of peaks calcu-
lated in step 1040, the system outputs an error signal or visual
indicator advising that an extra parasitic layer, or layers, has
been formed.

In yet another embodiment, as consecutive layers are
grown or deposited, the peaks of the actual interfaces shift to
deeper optical depth with each growth step. The balance of
the peaks, which do not shift with each consecutive layer are
thus identified as non-interface peaks.

In stage 1060, at least one physical characteristic of the last
layer is determined responsive to the identified peaks of stage
1050. Preferably the actual thickness of the layer is deter-
mined, the actual thickness determined in accordance with:

d=6/2n EQ.31

with n being the planned refractive index of the layer. Alter-
nately, the calculated refractive index is derived as described
in connection with Eq. 25-28 which enables the calculation of
each layer refractive index based on the amplitude of the
interface peak.

Thus, the method of FIG. 5 determines the actual thickness
and/or the actual refractive index of a top layer of a multi-
layer optical material structure having large refractive index
steps, responsive to design criteria and light irradiation.

FIG. 6 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness or refractive index of layers in a process, and to
further determine process errors. In stage 2000, the planned
refractive index and target thickness of each of the layers to be
deposited, or grown, is input. In stage 2010, a first layer is
grown, or deposited, on the substrate. In stage 2020, the actual
thickness of the layer is determined, as described above in
relation to FIG. 5. In stage 2030 the actual thickness of the

—

5

20

25

30

35

40

45

50

55

60

65

14

layer is compared to the target thickness. In the event that the
actual thickness is less than the target thickness, stage 2010 is
continued. It is to be understood that stages 2020 and 2030
may be performed at predetermined intervals, or responsive
to process flow stages, or benchmarks, without limitation.
The amplitude and optical thickness of the identified peaks, as
described above in relation to FIG. 5, are preferably stored in
memory 25.

In the event that in stage 2030 the actual thickness is equal
to the target thickness of stage 2000, within acceptable vari-
ances, in stage 2040 the actual refractive index of the layer of
stage 2010 is determined, as described above in relation to
FIG. 5. In stage 2050 the determined actual refractive index,
is compared with the target refractive index, as described
above in relation to FIG. 5. In the event that the determined
refractive index is not equal to the target refractive index of
stage 2000, within acceptable variances, in stage 2150 a pro-
cess error is determined. Preferably an error signal is output to
an operator indicating the error, with details of the determined
actual thickness and refractive index, for process correction.

In the event that in stage 2050 the determined refractive
index is equal to the target refractive index of stage 2000,
within acceptable variances, in stage 2060 a subsequent layer
is grown or deposited. In stage 2070, the actual thickness of
the subsequent layer of stage 2060 is determined, as described
above in relation to FIG. 5. In stage 2080 the actual thickness
of'the subsequent layer determined in stage 2070 is compared
to the target thickness of stage 2000. In the event that the
actual thickness is less than the target thickness, stage 2060 is
continued. It is to be understood that stages 2070 and 2080
may be performed at predetermined intervals, or responsive
to process flow stages, or benchmarks, without limitation.
The amplitude and optical thickness of the identified peaks, as
described above in relation to FIG. 5, are preferably stored in
memory 25.

In the event that in stage 2080 the actual thickness of the
subsequent layer of stage 2060 is equal to the target thickness
of stage 2000, within acceptable variances, in stage 2090 the
actual refractive index of the subsequent layer of stage 2060
is determined, as described above in relation to FIG. 5. In
stage 2100 the determined actual refractive index of stage
2090 is compared with the target refractive index of stage
2000, as described above in relation to FIG. 5. In the event that
the determined refractive index is not equal to the target
refractive index of stage 2000, within acceptable variances, in
stage 2150 a process error is determined and an output signal
is preferably generated, as described above.

In the event that in stage 2100 the determined refractive
index of the subsequent layer is equal to the target refractive
index of stage 2000, within acceptable variances, in stage
2110 the difference in optical thickness between identified
peaks of previous layers is compared with the stored differ-
ence in optical thickness for the previous layers. In stage
2120, in the event that the difference between the optical
thickness of previous layers is not the same as the stored
difference, in stage 2150 a process error is determined and an
output signal is preferably generated, as described above. In
an exemplary embodiment, the change in optical thickness is
indicative of a shift in the interface between materials, which
may be an indication of an unwanted interlayer diffusion
process taking place. There is no requirement that stages
2110-2120 be performed before stages 2130-2140, and the
reverse order is specifically contemplated.

In the event that in stage 2120 the difference between the
optical thickness of previous layers is the same as the stored
difference, in stage 2130 the amplitude of the peaks related to
interfaces is compared with a computed target value which is
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calculated using EQ. 5, 6, 8 and 9. In stage 2140, in the event
that the amplitude of the peaks in the optical thickness domain
has changed from the expected amplitudes, in stage 2150 a
process error is determined and an output signal is preferably
generated, as described above. In an exemplary embodiment,
the change in amplitude from the expected values is indicative
of inter-layer diffusion. In the event that in stage 2140 the
amplitudes of the peaks in the optical thickness domain
remain within a predetermined range from a target value stage
2060 is again performed as described above.

Thus, the method of FIG. 6 identifies process errors caused
by changes in previous layers, previous interfaces, and inap-
propriate refractive indexes, in a non-destructive continuous
manner or at predetermined measurement intervals.

Stages 2110-2140 are further explained in relation to FIGS.
7A-7D and the tables below for the production of a 4 layer
sample. TABLE I represents the layers of the target structure,
with layer 4 being grown directly on the substrate, and layer
1 being the top layer, i.e. the last layer to be grown.

TABLE I
REFRACTIVE THICKNESS

LAYER INDEX pum
Substrate 345

4 5 1

3 7 1.2

2 5 1.4

1 4 1

AIR 1

TABLE Il represents the position of the interface peaks for
each growth step for the layers of TABLE 1.

TABLE II
INTERFACE 1 2 3 4
LAYER OPTICAL THICKNESS pm
4 10.0
3 168 26.8
2 14.0 30.8 408
1 8.0 22.0 38.8 48.8

FIG. 7A illustrates the transformed reflection amplitudes,
as described above in relation to FIG. 5, in the optical thick-
ness domain after growth of layer 4 directly on the substrate,
where the x-axis represent optical thickness expressed in
microns (um) and the y-axis represents normalized power
spectrum. Peak 310 is identified in FIG. 7A as having an
optical thickness, 0,, of 10 um, i.e. at an optical thickness
appropriate for a refractive index of 5 and a thickness of 1 pm,
and represents the interface between layer 4 and the substrate,
i.e. the first interface and has a normalized value of 1.

FIG. 7B illustrates the transformed reflection amplitudes,
as described above in relation to FIG. 5, in the optical thick-
ness domain after growth of layer 3 directly on the layer 4,
where the x-axis represent optical thickness expressed in
microns (um) and the y-axis represents normalized power
spectrum. Three peaks are illustrated. Peak 310 representing
the interface between layer 4 and the substrate, i.e. the second
interface, has been shifted by the additional optical thickness
oflayer 3, i.e. by 0, since the light must pass through layer 3
to arrive at layer 4, and thus appears at an optical thickness of
26.8 um. The amplitude of the peak has been changed by the
optical impact oflayer 3 and has a normalized value of 1. Peak
320is associated with the transition between layer 3 and layer
4, i.ethe first interface, and appears at an optical thickness of
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16.8 um and has a normalized value of 0.88. Peak 315 does
not reflect an actual interface between single layers, and
appears at the optical thickness of 10 um, i.e. at the optical
thickness of 8, and has a normalized value of 0.12.

FIG. 7C illustrates the transformed reflection amplitudes,
as described above in relation to FIG. 5, in the optical thick-
ness domain after growth of layer 2 directly on the layer 3,
where the x-axis represent optical thickness expressed in
microns (um) and the y-axis represents normalized power
spectrum. Six peaks are observed. Peak 310 representing the
interface between layer 4 and the substrate, i.e. the third
interface, has been shifted from the optical thickness value of
FIG. 7A by the additional optical thickness of layer 2 and 3,
i.e. by 0,+0,, since the light must pass through layers 2 and 3
to arrive at layer 4, and thus appears at an optical thickness of
40.8 um and, as indicated above, has a normalized value of
1.0. Peak 320 is associated with the transition between layer
3 and layer 4, i.e. interface 2, and has been shifted from the
optical thickness value of FIG. 7B by the additional optical
thickness of layer 2, i.e. by 6,, since the light must pass
through layer 2 to arrive at layer 3, and thus appears at an
optical thickness of 30.8 um and has a normalized value of
0.88. The amplitude of the peak has been changed by the
optical impact of layer 2. Peak 330 is associated with the
transition between layer 2 and layer 3, i.e. the first interface,
and appears at an optical thickness of 14.0 um and has a
normalized value of 0.93. The balance of the peaks do not
reflect an actual interface between single layers, and advan-
tageously appear at the optical thickness of peaks found dur-
ing the growth of previous layer, i.e. at the optical thickness of
relevant peaks of FIGS. 7A-7B. The optical thickness
between peaks 310 and 320 are unchanged between the two
layer illustration of FIG. 7B and the three layer illustration of
FIG. 7C.

FIG. 7D illustrates the transformed reflection amplitudes,
as described above in relation to FIG. 5, in the optical thick-
ness domain after growth of layer 1 directly on the layer 2,
where the x-axis represent optical thickness expressed in
microns (um) and the y-axis represents normalized power
spectrum. Ten peaks are observed. Peak 310 representing the
interface between layer 4 and the substrate, i.e. the fourth
interface, has been shifted from the optical thickness value of
FIG. 7A by the additional optical thickness of layers 1, 2 and
3,i.e. by 0,+0,+0; since the light must pass through layers 1,
2 and 3 to arrive at layer 4, and thus appears at an optical
thickness of 48.8 um and is set to a normalized value of 1.0.
Peak 320 is associated with the transition between layer 3 and
layer 4, i.e. interface 3, and has been shifted from the optical
thickness value of FIG. 7B by the additional optical thickness
of layers 1 and 2, i.e. by 0,+6,, since the light must pass
through layers 1 and 2 to arrive at layer 3, and thus appears at
an optical thickness of 38.8 um and has a normalized value of
0.88. The amplitude of the peak has been changed by the
optical impact of layers 1 and 2. Peak 330 is associated with
the transition between layer 2 and layer 3, i.e. interface 2, and
has been shifted by the additional optical thickness of layer 1,
i.e. by 0, since the light must pass through layer 1 to arrive at
layer 2, and thus appears at an optical thickness of 22 pm and
has a normalized value 0 0.93. The amplitude of the peak has
been changed by the optical impact of layer 1. Peak 340 is
associated with the transition between layer 1 and layer 2, i.e.
the first interface, and appears at an optical thickness of 8.0
um and has a normalized value of 0.44. The balance of the
peaks do not reflect an actual interface between single layers,
and advantageously appear at the optical thickness of peaks
found during the growth of previous layer, i.e. at the optical
thickness of relevant peaks of FIGS. 7A-7C. The optical
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thickness between peaks 310 and 320 are unchanged between
the two layer illustration of FIG. 7B, the three layer illustra-
tion of FIG. 7C and the four layer illustration of FIG. 7D. The
optical thickness between peaks 320 and 330 are unchanged
between the three layer illustration of FIG. 7C and the four
layer illustration of FIG. 7D.

FIG. 8 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness of layers in a multi-layer structure. In stage 3000 a
multi-layer structure is provided, the thickness or refractive
index of whose current layers are to be determined. In stages
3010-3040, the multi-layer structure of stage 3000 is ana-
lyzed optically as described above in relation to stages 1000-
1030 of FIG. 5. In stage 3050 the optical thickness of all peaks
greater than a predetermined minimum noise level are iden-
tified and stored.

In stage 3060 at least one additional layer is grown, and in
stage 3070, after performing irradiation and transforming to
the optical thickness domain, all peaks greater than the pre-
determined minimum noise level are identified and compared
with the stored peaks of stage 3050. Any peaks appearing at a
stored location are labeled as non-relevant peaks, as described
above in relation to FIG. 7A-FIG. 7D. The balance of the
peaks represent actual single interfaces. In one embodiment,
in the event that the total number of actual peaks is greater
than the maximal expected number of peaks previously cal-
culated, the system outputs an error signal or visual indication
advising that an extra parasitic layer, or layers, has been
formed.

In stage 3080, the optical thickness of each of the layers of
the provided structure of stage 3000 are identified responsive
to peaks not labeled as “not relevant” in stage 3070. Prefer-
ably, stages 3060 and 3070 are performed for multiple layers
to ensure consistency of stage 3080.

FIG. 9 illustrates a high level flow chart of the operation of
the apparatus of either FIG. 1A or FIG. 2B to determine actual
thickness of layers and/or refractive index of layers in a multi-
layer structure, responsive to input target parameters. In stage
4000 a target multi-layer structure is provided, the thickness
or refractive index of whose current layers are to be deter-
mined. In stage 4010 expected thicknesses and refractive
indexes of layers of the multi-layer structure of stage 4000 are
input. In stage 4020, expected amplitudes of peaks in the
optical thickness domain and/or the optical thickness of the
peaks are calculated, responsive to EQs. 5, 6, 8 and 9A.

In stages 4030-4060, the multi-layer structure of stage
4000 is analyzed optically as described above in relation to
stages 1000-1030 of FIG. 5. In stage 4070 the peaks deter-
mined in stage 4060 are compared with the calculated
expected peaks of stage 4020. In one embodiment, in the
event that the total number of actual peaks is greater than the
maximal expected number of peaks previously calculated, the
system outputs an error signal or visual indication advising
that an extra parasitic layer, or layers, has been formed.

In stage 4080, the actual thickness of the layers are com-
pared with the target layer thickness, responsive to the ampli-
tudes of the peaks. In particular, the amplitudes of the peaks
enable calculation of the respective refractive indexes using
EQs. 25-28, and thus based on the calculated values of n and
the measured values of the optical thickness, the thickness of
each layer can be calculated, as explained above. The refrac-
tive index measurement is preferably done one layer at a time.
In the event that the actual thickness of the layers are not
consonant within tolerance of the target thickness, in stage
4110 a process error notification signal is generated. Option-
ally, the process error notification signal provides full infor-
mation regarding the difference between the target thickness

20

25

30

35

40

45

50

55

60

65

18

and the measured thickness. In the event that the layer thick-
ness has not achieved the target thickness, alternately a signal
to continue layer production is output.

In the event that in stage 4080 the actual thickness of the
layers is consonant within tolerance of the target thickness, in
stage 4090 the refractive indexes of the multi-layer structure
is compared with the target refractive index of stage 4010. In
the event that the actual refractive index of the layers are not
consonant within tolerance of the target refractive index, in
stage 4110 a process error notification signal is generated.
Optionally, the process error notification signal provides full
information regarding the difference between the target
refractive index and the measured refractive index. In the
event that in stage 4090 the actual refractive index of the
layers is consonant within tolerance of the target refractive
index, in stage 4100 a signal indicative that the process is
within tolerance is output.

During the optical layers growth process it might happen
that interface and spurious peaks appear at close to, or even at,
identical optical thicknesses. This co-existence of two peaks
at about the same location causes an overlap effect. The
overlap can create a resultant peak whose amplitude is higher
than, or lower than, expected for the interface peak. In other
words, the amplitudes of some interface peaks will therefore
differ from the expected calculated values during such an
overlap occurrence, without being indicative of a process
error.

The overlap situation can be better understood by reference
to the above described multi-layer optical material example.
If we continue the growth process of layer 1 of FIG. 7D up to
1.6 um, instead of stopping it at 1 um, we will achieve the
spectrum of FIG. 10, where the x-axis represent optical thick-
ness expressed in microns (um) and the y-axis represents
normalized power spectrum. Because of overlap, we observe
only 8 peaks instead of the expected 10 peaks. The interface
peaks occur at the optical thicknesses of 12.8, 26.8, 43.6 and
53.6 um. These are the same peaks labeled as 340, 330, 320
and 310, respectively at FIG. 7D, but shifted by 4.8 um due to
the additional 0.6 um growth. The amplitude of peaks 320 and
310 are unchanged between FIG. 7D and FIG. 10; while the
amplitude of peak 330 decreased significantly from 0.93 at
FIG. 7D t0 0.35 at FIG. 10 because of overlap with a spurious
peak at 63+64. Note that 0.93 is the expected analytical
normalized value.

The overlap effect is preferably taken into account in one of
a variety of techniques described herein, the particular tech-
nique depending on the method used for interface peaks iden-
tification. We have the following three possibilities to take
into account.

First Overlap Embodiment

As explained above, interface peaks are recognizable dur-
ing in-situ measurements by observing which peaks in the
spectrum shift during the growth process. Spurious peaks
remain at a fixed optical thickness location during the growth
process, i.e. they are static, whereas actual peaks shift with the
growth or deposition of each subsequent layer. Since inter-
face peaks are recognized independently of their amplitude,
thickness determination, which is dependent on the distance
between identified peaks, is not affected by the overlap. How-
ever, the amplitude is relevant to the determination of refrac-
tive index, which is particularly relevant to inter-diffusion
process problems, as described above in relation to FIGS. 5,
6,8and9.

To alleviate this issue, in the event that the amplitude of an
interface peak is not as anticipated by EQ. 8, in a preferred
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embodiment a calculation is performed, using EQ. 3, to deter-
mine if a spurious peak is expected to occur close to its same
optical thickness position. In the event that such a spurious
peak is found, we identify this situation as an overlap and
disregard the peak amplitude value as an indicative for fabri-
cation process failure. In the event that no such spurious peak
is found responsive to EQ. 3, the peak amplitude value vari-
ance is indicative of a possible process error to report, as
described above in relation to stages 2150 and 4110.

Second Overlap Embodiment

Interface peaks at the i-layer growth process are recognized
by comparing spectra of present and previous layers analysis,
as described above inrelation to FIG. 6. Peaks occurring at the
same optical thicknesses between subsequent layer analyses,
i.e. peaks that are found to be at the same optical thickness
between subsequent layer growth, or deposition, are labeled
as potentially spurious. So, in the event that overlap occurs,
we do not take into account all interface peaks, since we are
disregarding those labeled as potentially spurious. Since we
have a-priori knowledge of amplitudes and relative positions
of interface peaks, i.e. information based on the planned
composition of the target structure, as described above in
relation to stage 1040, as well as information developed from
the analysis of previous layers, the required information is
derived for those interface peaks which are labeled as poten-
tially spurious. In particular, optical thicknesses and/or
refractive indexes related to peaks labeled potentially spuri-
ous are determined by using results from either the previous
layer process or the expected values, or a combination
thereof. Potentially spurious peaks which are then identified
as relevant are then relabeled as “interface peaks affected by
overlap”, wherein amplitude information is not to be used as
is, but must be derived from expected, or previously stored
values.

For example let us assume we are growing the lastlayer, i.e.
“layer-1”. After comparing the normalized power spectrum
of layer-1 vs. the normalized power spectrum of layer-2 and
labeling spurious peaks, we identify that we have fewer peaks
than interfaces. According to amplitudes and relative posi-
tions the peak at interface “1” is lacking. We know the optical
thickness value 62403+ . . . +0i from analysis of previous
layers, and we estimate 01 based on the expected optical
thickness distance from the leftmost interface peak at our
current normalized power spectrum. We calculate 61+02+
03+ . .. +0i, and then determine, at the current normalized
power spectrum, what peak is found within a predetermined
range around this optical thickness and identify it as the “1”
interface peak, which is affected by overlap.

For our example of FIG. 10, we would initially disregard
peak 330. After understanding that the peak at 01+62 is lack-
ing, we obtain from FIG. 7D 62=14 um and from FIG. 10
01=12.8 um; so the interface peak should be located at about
01462~26.8 pm. Therefore, we identify the peak at 26.8 um,
i.e. peak 330, as an interface peak affected by overlap.

Third Overlap Embodiment

Identification of interface peaks is performed by means of
their expected amplitude and relative position between them-
selves. No a-priori knowledge in regard to layer thicknesses is
assumed. Once we do not succeed in identifying an interface
peak “1” according to its amplitude, i.e. the peak amplitude is
not consonant with the expected amplitude, we use informa-
tion of spurious peaks related to such interface. We check
from EQ. 3 what spurious peaks depend on “8i”. We pick one
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of such spurious peaks whose amplitude in the normalized
power spectrum matches the non-consonant peak, we use its
optical thickness for calculations. For example, if we initially
identified all peaks out of “i”, according to EQ. 3 we have
spurious peaks at 0i-1+0i, 0i+0i+1, 61-2+0i-1+0i. We can
pick the peak 8i-1+6i responsive to its expected amplitude,
we calculate 8i-1 from its interface peak and we calculate 6i.

The third overlap embodiment may be utilized with the
second overlap embodiment. Each of the first and second
overlap embodiments represent cases where layer parameters
are determined during growth of multi-layer structures. The
measurement of refractive index for the layer in deposition
should preferably be performed at a layer thickness either less
than or greater than the layer thickness exhibiting overlap.

If the amplitude of the first left interface peak, i.e. the
interface peak associated with the lowest optical thickness in
the normalized power spectrum, does not change with growth
process, we understand that no overlap has taken place.

Assuming (for simplicity) that layer-1 is the last deposited
layer, the condition for no overlap at the first interface peak is
nl-dl=n2-d2=...nN-dN. Since the thicknesses of the depos-
ited layers are measured during the processes, it is possible to
calibrate the system to perform refractive index measurement
at appropriate circumstances without overlap, i.e. the refrac-
tive index is to be determined at an optical thickness which
does not result in overlap even if this requires determination
of'the refractive index prior to completion of growth or depo-
sition of the layer.

It is appreciated that certain features of the invention,
which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
invention which are, for brevity, described in the context of a
single embodiment, may also be provided separately or in any
suitable sub-combination.

Unless otherwise defined, all technical and scientific terms
used herein have the same meanings as are commonly under-
stood by one of ordinary skill in the art to which this invention
belongs. Although methods similar or equivalent to those
described herein can be used in the practice or testing of the
present invention, suitable methods are described herein.

All publications, patent applications, patents, and other
references mentioned herein are incorporated by reference in
their entirety. In case of conflict, the patent specification,
including definitions, will prevail. In addition, the materials,
methods, and examples are illustrative only and not intended
to be limiting.

The terms “include”, “comprise” and “have” and their
conjugates as used herein mean “including but not necessarily
limited to”. The term “connected” is not limited to a direct
connection, and connection via intermediary devices is spe-
cifically included.

It will be appreciated by persons skilled in the art that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather the scope of the
present invention is defined by the appended claims and
includes both combinations and sub-combinations of the
various features described hereinabove as well as variations
and modifications thereof, which would occur to persons
skilled in the art upon reading the foregoing description.

I claim:

1. An apparatus arranged to analyze a multi-layer optical
material structure, the apparatus comprising:

a control unit,

a light source arranged to irradiate a target structure; and
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a light receiver in communication with said control unit
and arranged to receive said irradiated light from said
light source after interaction with the target structure,
said control unit comprising a processor and a memory,
said memory storing machine readable instructions
which cause said processor to:
receive a planned composition of the target multi-layer
structure;

detect, in cooperation with said light receiver, an ampli-
tude of the received light as a function of wavelength;

perform atransform of a function of said detected ampli-
tudes to an optical thickness domain;

determine, responsive to the received planned composi-
tion of the target multi-layer structure, at least one of
optical thickness and amplitude of expected peaks of
said performed transform to the optical thickness
domain which correspond with interactions with
single interface between layers;

identify spurious peaks which do not correspond with
interfaces between layers;

identify, responsive to said expected peaks, actual peaks
of said performed transform to the optical thickness
domain which correspond with interfaces between
layers;

and

determine at least one physical characteristic of the tar-
get structure responsive to said identified actual peaks
while not utilizing said identified spurious peaks in
said determining,

wherein said function of said detected amplitudes is
performed as

N N—k+l it
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and

where, utilizing the received planned composition of the
target multi-layer structure, n,, is the refractive index of
layer m, n,, is the refractive index of layer q, d,, is the
thickness of layer m, w represents the wave number, the
k-superscript indicates groups of k adjacent layers of the
received planned composition, and the p subscript indi-
cates the starting layer for each group.

2. The apparatus of claim 1, wherein said determined at

least one physical characteristic is one of:

an actual thickness of at least one layer; and
an actual refractive index of at least one layer.
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3. The apparatus of claim 1, wherein said control unit is

arranged to perform said determination after growth or depo-
sition of each of a plurality of layers, and wherein said
machine readable instructions further cause said processor to:

confirm, after growth or deposition of at least one subse-
quent layer, that one of an actual thickness of previous
layers and an actual refractive index of previous layers
remains unchanged, and in an event that said one of the
actual thickness of previous layers and the actual refrac-
tive index of previous layers has changed, output an
error signal.

4. The apparatus of claim 1, wherein said control unit is

arranged to perform said determination after growth or depo-
sition of each of a plurality of layers, and wherein said
machine readable instructions further cause said processor to:

identify changes in amplitude of said identified actual
peaks corresponding to interfaces between previous lay-
ers, and output a process error indication responsive to
said identified amplitude changes.

5. The apparatus of claim 1, wherein said determination of

at least one physical characteristic of the target structure
comprises:

calculate one of:
an actual thickness of each layer as it is added: and
a refractive index of each layer as it is added.
6. The apparatus of claim 1, wherein said determination of

at least one physical characteristic of the target structure
comprises:

calculate one of:
an actual thickness of each layer of a multi-layer struc-
ture; and
an actual refractive index of each layer of a multi-layer
structure.
7. A method of analysis of a multi-layer structure, where

the multi-layer optical material structure exhibits refractive
index steps greater than 20%, the method comprising:

detecting an amplitude of a light as a function of wave-
length after interaction with a target structure;

transforming a function of said detected amplitudes to an
optical thickness domain;

determining, responsive to a planned composition of the
target structure, at least one of optical thickness and
amplitude of expected peaks of said performed trans-
form to the optical thickness domain which correspond
with interfaces between layers;

identifying, responsive to said expected peaks, actual
peaks of said performed transform to the optical thick-
ness domain which correspond with interfaces between
layers; and

determining at least one physical characteristic of the target
structure responsive to said identified actual peaks,

wherein said interaction is transmittance through the target
multi-layer structure, and wherein said method further
comprises computing twice a reciprocal of the ampli-
tudes of the said received irradiated light as a function of
wave number, and wherein said function of said detected
amplitudes is said computed twice the reciprocal.

8. The method of claim 7, further comprising:

identifying spurious peaks which do not correspond with
interfaces between layers,

wherein said determining at least one physical character-
istic does not utilize said identified spurious peaks.

9. The method of claim 7, wherein said determined at least

65 one physical characteristic is one of:

an actual thickness of at least one layer; and
an actual refractive index of at least one layer.
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10. The method of claim 7, wherein said determining is
performed after growth or deposition of each of a plurality of
layers, and wherein the method further comprises:

confirming, after growth or deposition of at least one sub-

sequent layer, that one of an actual thickness of previous
layers remains unchanged and an actual refractive index
of previous layers, and in an event that said one of the
actual thickness of previous layers and the actual refrac-
tive index of previous layers has changed, outputting an
error signal.

11. The method of claim 7, wherein said determining is
performed after growth or deposition of each of a plurality of
layers, and wherein the method further comprises:

identifying changes in amplitude of said identified actual

peaks corresponding to interfaces between previous lay-
ers, and outputting a process error indication responsive
to said identified amplitude changes.

12. The method of claim 10, wherein said determining at
least one physical characteristic comprises:

calculating one of:

an actual thickness of each layer as it is added; and

an actual refractive index of each layer as it is added.

13. The method of claim 7, wherein said determining of at
least one physical characteristic comprises:

calculating one of:

an actual thickness of each layer of a multi-layer struc-
ture; and

an actual refractive index of each layer of a multi-layer
structure.

14. An apparatus arranged to analyze a multi-layer optical
material structure having refractive index steps greater than
20% between layers, the apparatus comprising:

a control unit,

a light source arranged to irradiate a target structure; and

a light receiver in communication with said control unit

and arranged to receive said irradiated light from said

light source after interaction with the target structure,
said control unit comprising:

an amplitude detection functionality arranged to detect
an amplitude of the received light as a function of
wavelength;

a Fourier transform functionality arranged to perform a
transform to an optical thickness domain of a function
of said detected amplitudes;

a target determination functionality arranged to deter-
mine, responsive to a planned composition of the
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target semiconductor, at least one of optical thickness
and amplitude of expected peaks of said performed
transform to the optical thickness domain which cor-
respond with interfaces between layers;

an identification functionality arranged to identify,
responsive to said expected peaks, actual peaks of said
performed transform to the optical thickness domain
of said bilinear transformed amplitudes which corre-
spond with interfaces between layers; and

a calculation functionality arranged to calculate an
actual thickness of each layer responsive to said iden-
tified actual peaks,

wherein said function of said detected amplitudes is
performed as
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where, utilizing the received planned composition of the

target multi-layer structure, n,, is the refractive index of
layer m, n, is the refractive index of layer q, d,, is the
thickness of layer m, “w” represents the wave number,
the k-superscript indicates groups ofk adjacent layers of
the received planned composition, the p subscript indi-
cates the starting layer for each group.
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